We conducted a series of psychophysical experiments to investigate the effects of static visual components on visually-induced self-motion perception ('vection'). Static gratings with various spatial frequencies were added to a moving vertical grating, presented either orthogonally or parallel to the motion of the grating. Adding a static component orthogonal to a motion component was found to facilitate vection, whereas adding a static component parallel to a motion component inhibited vection. No anisotropy was found between low and high spatial frequencies of static stimuli in the facilitation/inhibition of vection. We discuss these findings in terms of perceived motion of the visual pattern and the number of visual features in the stimulus.
Introduction
Exposure to a visual motion field that is similar to the optical flow that would typically be generated by movement of the self can result in 'vection', a subjective perception of movement of one's own body (Fischer & Kornmüller, 1930) . The existence of vection is considered to be a strong indication that visual information can affect self-motion perception. Many previous studies have manipulated various features of moving visual patterns to examine the characteristics of visual stimuli that determine the strength of induced vection (Dichgans & Brandt, 1978; Held, Dichigans, & Bauer, 1975; Howard & Heckmann 1989; Ito & Shibata, 2005; Johansson 1977; Ohmi & Howard, 1988; Ohmi, Howard, & Landolt 1987; Palmisano, Allison, & Pekin, 2008; Palmisano, Gillam, & Blackburn, 2000; Palmisano, Pinniger, Ash, & Steele, 2009; Telford, Spratley, & Frost, 1992 ) (see Warren (1995) for a review).
Most previous vection experiments have focused exclusively on the effects of moving stimuli on self-motion perception. However, some studies have indicated that self-motion perception is not only affected by moving visual stimuli, but also by static visual components. Several studies have reported that presenting a static background behind a moving stimulus can inhibit the induction of vection, whereas a static foreground presented in front of the moving pattern can facilitate it (e.g., Howard & Howard, 1994; Nakamura, 2006; Nakamura & Shimojo, 1999) . These reports have led to the proposal that background stimuli are critical for vection, because such stimuli (i.e., the most distant object in an observer's visual field) do not typically move independently of the observer's self-motion in real-world situations. Static backgrounds may thus serve as a reliable frame of reference for self-motion perception, and strongly inhibit vection. However, if background stimuli were the sole determinant of vection, the existence of a static foreground would be irrelevant to self-motion perception. Some experiments, however, have demonstrated that this is not the case. Rather, presenting a static foreground in front of a moving background has been found to facilitate vection (e.g. . Previous studies have proposed that vection is facilitated by static foreground stimuli because of perceived relative motion between the foreground and background stimuli. Relative motion between a static foreground and moving background stimuli would be expected to produce a stronger impression of motion, compared with a moving pattern presented alone. This strengthened perception of motion would thus be predicted to induce stronger vection. The effects of a static visual component, therefore, would be expected to vary in accordance with its depth arrangement relative to the moving stimulus.
The present study examined the effects of static stimulus components on vection without changing the perceived depth of the stimuli. We employed visual stimuli consisting of both in moving and static gratings. These stimuli were presented in the same depth plane. We manipulated several characteristics of the static component, i.e., spatial frequency and orientation. The moving component was kept constant throughout the experiments. Thus, the motion component (i.e., motion energy) of the stimuli was identical, while the static components varied between conditions. If self-motion perception is influenced by static visual components of stimuli, then the strength of vection would be expected to vary in accord with changes in the static component.
Some previous studies have indicated that downward motion induces stronger vection than upward motion (e.g. Kano, 1991) , while other studies have reported that there is no asymmetry between the two motion directions (Nakamura & Shimojo, 1998) . As such, we did not use upward and downward motion in this experiment. Instead, we used left-or rightward motion, which typically shows no anisotropy in vection induction (Seno, Ito, & Sunaga, 2009) .
Recently, Bonato and Bubka (2006) compared the strength of horizontal vection induced by horizontally moving checkerboard patterns and horizontally moving vertical stripes. Their results indicated that moving checkerboard stimuli are more effective for inducing vection than vertical stripe stimuli. Their results suggested that static visual components presented coplanar with the moving pattern can affect self-motion perception, because luminance gratings parallel to the motion direction cannot be dynamic. However, horizontally moving checkerboards, as employed by Bonato and Bubka (2006) , are equivalent to a moving plaid pattern containing two motion components moving in oblique directions (45°and 135°). The static components of these stimuli were thus orthogonal only at very high spatial frequencies. In the present investigation, we tried to examine the effects of the static components of the visual stimulus using more widely manipulated stimulus conditions and a more precisely controlled experimental paradigm.
General methods

Apparatus
Stimulus images (1024 Â 768 pixel resolution at 75 Hz refresh rate) were generated and controlled by a computer (Apple, MB543J/A), and presented on a screen using a rear 3 CRT projector (Electrohome Electronics, DRAPAR). All experiments were conducted in a dark experimental chamber.
Stimuli
The stimuli subtended 75°(horizontal) Â 60°(vertical) of visual angle when the viewing distance was 90 cm. Each motion stimulus consisted of luminance-defined gratings moving either to the left or right (0.3 cycle/degree in Experiment 1 and 1.2 cycle/degree in Experiments 2 and 3; see Fig. 1 ). The gratings shifted approxi- mately 27°in one phase. One cycle (360°) of motion consisted of 13 images (13 Â 27.69°= 360°). The velocity of motion was approximately 20°/s. The duration of the stimulus presentation was 60°s. The direction of motion (right or left) was randomized on each trial. The mean luminance of the motion stimuli was 26.33 cd/ m 2 . The Michelson contrast of the moving gratings was either 20% or 40%. We added static gratings to the 20% moving grating. The visual stimulus was presented on the entire area of the screen, so that the observer could not see anything except for the stimulus.
The edges of the screen took up 30°(top/bottom) or 37.5°(left/ right) of the peripheral visual field. However, since the experiment was done in a darkened room, the edges were barely visible to observers.
Participants
Ten adult volunteers participated in this study. Participants were graduate and undergraduate students (aged 20-27 years; six men and four women). All participants reported normal vision, and no history of vestibular system diseases. All had previously experienced vection, either through participating in previous vection experiments, or through demonstrations in psychology lectures. None of the participants were aware of the purpose of the experiment. Before the experimental session started, participants were trained with the stimuli. Completely naïve subjects often had difficulty rating vection strength. These difficulties were resolved by including a training period.
Procedure
Participants sat on a chair in front of the screen, and observed the visual stimuli binocularly. No head restraint was used, because localized tactile stimulation can reduce vection (Young, Shelhamer, & Modestino, 1986) . In addition, our stimuli were previously observed by the naïve volunteers and found to induce severe motion sickness for some participants. Thus from the ethical reasons, we allowed participants to observe the stimuli under relatively relaxing conditions. We asked participants to hold down a button for the entire time they perceived vection, in each trial. Vection could appear and disappear multiple times in a single trial. Participants were instructed to release the button whenever vection disappeared, and to press the button again when it recovered. We measured the total accumulated duration of vection for each observer. Participants were instructed to evaluate the subjective strength of vection after each trial, using a magnitude estimation method. The estimated values ranged from 0 (no vection) to 100 (very strong vection). In vection trials, the following instructions were given: 'Please press the corresponding buttons while you are perceiving leftward or rightward self-motion. If this action becomes difficult, or if self-motion perception disappears, please release the buttons. ' We took care to avoid any suggestion of our hypothesis, because previous studies have found that vection can be modulated by instructions that induce cognitive biases (e.g. Lepecq, Giannopulu, & Baudonniere, 1995; Palmisano & Chan, 2004) . Participants practiced pressing the buttons before starting the experimental trials.
Eight trials were repeated to measure the strength of vection for a certain experimental condition within an identical experimental session. The experimental conditions were not changed in the session, while the direction of motion of the visual stimuli (leftward or rightward) was randomly changed over trials. That is, four rightward motion stimuli and four leftward motion stimuli were presented within the experimental session in a randomized order. The trials for different conditions were executed in different experimental sessions, carried out in a randomized order. The perceived spatial frequency can vary when the participants observed a stimulus after the adaptation to another stimulus, especially for complex wave. Thus we had to prevent the subjects from adapting to a single stimulus. However, stimulus presentation was relatively long (60 s). Consequently, some contamination due to the influence of the adaptation would always be expected. We excluded any systematic effects of contamination by randomizing the order of and devising the sessions.
Experiment 1
Experiment 1 examined the effects of adding static components that were either orthogonal or parallel to the moving component. In addition, we manipulated the spatial frequency component of the static component as an independent variable.
We tested six experimental conditions. In the moving vertical 1f + static horizontal 1f condition (v1m + h1s, m indicates the motion component and s indicates the static component), the static horizontal grating that had the same spatial frequency as the moving grating (0.3 cycle/degrees) and a luminance contrast of 20% was added to the moving grating. In the moving vertical 1f + static vertical 1f condition (v1m + v1s), the static parallel grating had the same spatial frequency as the moving grating (0.3 cycle/degree), and a luminance contrast of 20% was added to the moving grating. In the v1m + h1s + h3s condition, the additional static component was composed of two sine waves whose spatial frequencies were the same and three times higher (0.9 cycle/degree) compared with the moving grating. The luminance contrast of each static grating was set to 10% in this condition. The v1m + v1s + v3s condition was produced with the same method, except that the static components were parallel to the moving grating. In the v1s + h1s + h3s + h6s condition and v1m + v1s + v3s + v6s condition, the static component was composed of three waves (one [0.3 cycle/degree], three [0.9 cycle/degree] and six times [1.8 cycle/degree] higher than the moving grating). The luminance contrast of each static wave was 7% in this condition. In the conditions where the static component consisted of multiple waves, all of the component sine waves were in phase. The sum of the contrast of the added static sin waves was kept at 20% for all experimental conditions. Fig. 1 schematically summarizes the visual stimuli employed in the experiments.
In the control conditions, the visual stimuli contained only moving sine waves with a spatial frequency of 0.3 cycle/degree. The control gratings had a luminance contrast of either 20% or 40%, and were presented without any static components.
Results and discussion
3.1.1. The effects of orthogonal static component Fig. 2 indicates the averaged latency, duration and magnitude of vection obtained in each experimental condition with horizontal static components. The strength of vection was stronger in conditions containing static component(s) (v1m + h1s, v1m + h1s + h3s and v1m + h1s + h3s + h6s conditions) compared with those with only moving stimuli (control conditions). The duration of vection was longer, latencies were shorter and the estimated magnitude of vection was larger in the three experimental conditions compared with the two control conditions that did not involve static components.
One-way analyses of variance (ANOVA) revealed a significant main effect of stimulus condition for the latency, duration and magnitude (F(4, 36) = 29.39, p < 0.01, F(4, 36) = 14.61, p < 0.01, F(4, 36) = 17.38, p < 0.01, respectively). There were significant differences in every combination between the experimental conditions containing the orthogonal static components and the control conditions that did not involve any static components (p < 0.05; Tukey's honestly significant differences [HSD] test). The analyses revealed no significant differences in vection strength be-tween the three experimental conditions, or between the two control conditions. These results revealed that adding an orthogonal static component to a moving visual stimulus significantly facilitates the induction of vection. This result strongly indicates that vection is not determined solely by motion information, but can also be affected by static visual components. We found that this was the case even with no depth modulation between the static and moving components. Fig. 3 shows that the averaged latency, duration and estimated magnitude of vection under different stimulus conditions in which the static components were parallel to the motion component. Compared with two control conditions, vection was weaker in the v1m + v1s and v1m + v1s + v3s conditions, as indicated by the longer latency, shorter duration and lower strength estimates. Vection strength was weakest in the v1m + v1s condition. On the other hand, vection strength in the v1m + v1s + v3s + v6s condition was almost identical to that in the control conditions. A one-way ANO-VA revealed a significant main effect of the stimulus condition for latency, duration and estimated magnitude (F(4, 36) = 14.17, p < 0.01; F(4, 36) = 8.15, p < 0.01; F(4, 36) = 34.56, p < 0.01, respectively). Multiple comparisons revealed significant differences between the v1m + v1s, v1m + v1s + v3s conditions and control conditions (p < 0.05; Tukey's HSD test).
The effects of parallel static component
These results indicate that static stimulus components presented parallel to the motion component significantly inhibit vection. These results suggest that the effects of parallel static components are in stark contrast to the facilitation caused by the presence of static components that are orthogonal to the motion component. It should be noted that strong inhibition of vection caused by the parallel static component was evident in a condition where the static component was composed of a single sine wave with the same spatial frequency as the moving component. In contrast, the inhibition was relatively weakened in the condition where the static component contained a spatial frequency that differed from that of the moving component.
The effects of the orientation of the static component
As noted above, the presence of a static component orthogonal to the motion component facilitated vection, while presenting a static component parallel to the motion component inhibited vection. In order to examine the effects of the orientation of the static component statistically, we conducted a two-way ANOVA comparing the results of orthogonal static components and those of the parallel static components. The results revealed a significant main effect of orientation of the static components on latency, duration and estimated magnitude (F(1, 9) = 99.52, p < 0.01; F(1, 9) = 16.10, p < 0.01; F(1, 9) = 80.75, p < 0.01, respectively). Thus, the effects of the orientation of static components significantly affect the vection strength. Further, we found significant main effects of the three experimental conditions on latency, duration and estimated magnitude (F(2, 18) = 19.14, p < 0.01; F(2, 18) = 15.89, p < 0.01; F(2, 18) = 19.15, p < 0.01, respectively). In addition, we found significant interactions on latency, duration and estimated magnitude (F(2, 18) = 8.47, p < 0.01; F(2, 18) = 12.13, p < 0.01; F(2, 18) = 11.37, p < 0.01, respectively).
Supplemental experiment
The results of Experiment 1 indicated that orthogonal static components can facilitate vection, but revealed no significant dif- ferences between different spatial frequency compositions of the static components. Before concluding that spatial frequency composition is irrelevant to the facilitation of vection, we sought to examine the possibility that the vection strength in our first experiment was saturated in the stimulus conditions that included an orthogonal static component. If the vection-induction properties of the stimuli in the first experiment were strong enough to saturate vection in some conditions, then our comparisons of facilitative effects between the conditions may have been affected.
We performed an additional experiment, employing visual stimuli that would be expected to induce relatively weaker vection in order to enhance additional facilitation caused by orthogonal static components. We decreased the speed of the moving stimulus component to 10°/s (half that of the stimuli used in the first experiment), because vection strength would be reduced with slower motion (e.g., de Graaf, Wertheim, & Bles, 1991; Wist, Diener, Dichgans, & Brandt, 1975) . The contrast of the motion component was decreased to 10% (from 20% in the first experiment) weakening the effects of the static components and avoiding the saturation of vection strength. Furthermore, the duration of the stimulus presentation was extended to 180 s (three times longer than the first experiment), in order to improve the detectability of differences between the stimulus conditions (we have previously found that differences in button pressing data could be obtained for 180 s stimulus presentation, Seno & Sato, 2009 ). We tested only v1m + h1s, v1m + h1s + h3s and v1m + h1s + h3s + h6s conditions, using the same procedure as in the original experiment. Magnitude estimation was not carried out in this supplemental experiment because it is extremely difficult to estimate the strength of vection over such a long observation period. Fig. 4 indicates the results of the supplemental experiment. Vection strength was facilitated by the static orthogonal static component, but did not differ across the three experimental conditions. A one-way ANOVA revealed that there were no significant main effects of stimulus condition on the latency or duration of vection (F(2, 18) = 0.15, n.s., F(2, 18) = 0.78, n.s., respectively). Vection duration was never saturated in any condition. The supplemental experiment thus replicated the results of the first experiment, indicating that the results obtained in the first experiment were not due to the undesired saturation of the vection strength. We conclude that the presence of orthogonal static components per se, not the spatial frequency composition of the stimuli, is critical for the facilitation of vection.
In Experiment 1, we used visual stimuli containing a static component, but increased their spatial frequency in comparison to the motion component. However, it is possible that the frequency of the static and motion components interact with each other, influencing the results. Thus, in Experiments 2, we employed stimuli in which the static component was presented with a lower spatial frequency relative to the motion component.
Experiment 2
Experiment 2 examined the effects of orthogonal and parallel static components under conditions where the spatial frequency of the static component was lower than that of the motion component.
Stimuli
Six experimental conditions were tested: v1m + h1s, h1 m + h1s + h1/3s, v1m + h1s + h1/3s + h1/6s, v1m + v1s, v1m + v1s + v1/ 3s and v1m + v1s + v1/3s + v1/6s. 1f represents a spatial frequency of 1.2 cycle/degree (the same as the motion component), 1/3f represents 0.4 cycle/degree, and 1/6f represents 0.2 cycle/degree.
Static sine waves were in phase in these stimuli. The sum of the contrast of the static components was kept constant at 20% for all conditions. As a control condition, we presented a visual stimulus containing only a moving component with a luminance contrast of 20%.
Results and discussion
4.2.1. The effects of orthogonal static component Fig. 5 shows that the averaged latency, duration and estimated magnitude of vection under stimulus conditions where the static components were orthogonal to the motion component. The results showed that vection was stronger in the three experimental conditions containing orthogonal static components, compared with the control condition where the visual stimuli were composed only of moving components without the presence of any static component. The average duration was longer, latencies were shorter and the estimated magnitude was greater in the three experimental conditions than in the control conditions.
One-way ANOVA revealed that there was a significant main effect of stimulus condition for the latency, duration and estimated magnitude of vection (F(3, 27) = 14.03, p < 0.01, F(3, 27) = 18.02, p < 0.01, F(3, 27) = 29.03, p < 0.01, respectively). There were significant differences between the three experimental conditions and the control condition, but no significant differences among the experimental conditions (p < 0.05; Tukey's HSD test).
The result of this experiment indicated that static components orthogonal to the motion component increased the strength of perceived vection. The spatial frequency of the static component, however, did not affect vection. This result replicates the findings of Experiment 1, which employed a static component with a higher spatial frequency than the motion component. In other words, we found no anisotropy in the effects of the spatial frequency of the static component in facilitation of vection. Fig. 6 shows the averaged latency, duration and estimated magnitude of vection under stimulus conditions where the static components were parallel to the motion component. The results indicate that vection strength in the three experimental conditions was weaker than that in the control condition, as indicated by the Fig. 4 . Average latency, duration and magnitude for 10 participants in each condition in the supplemental experiment.
The effects of parallel static components
longer latency, shorter duration and lower estimates of the strength of vection. Vection strength was weakest in the 1f + 1f condition. One-way ANOVA revealed a significant main effect of stimulus condition on the latency, duration and estimated magnitude of vection (F(3, 27) = 8.14, p < 0.01; F(3, 27) = 24.83, p < 0.01; F(3, 27) = 20.45, p < 0.01, respectively). Multiple comparisons revealed a significant difference between the experimental and control conditions (p < 0.05; Tukey's HSD test), although the difference in latency between the control condition and v1m + v1s + v1/ 3s + v1/6s condition was not statistically significant. This experiment revealed that presenting a static component parallel to the motion component inhibited vection, using a stimulus situation where the static components contained higher spatial frequencies than motion component. We found that inhibition was weakened in the condition where the static components contained spatial frequencies that were different from those of the moving component. The results of this experiment again replicate the findings of Experiment 1, which tested the static components with higher spatial frequencies relative to the motion components. This is similar to the case of vection facilitation caused by orthogonal static components.
The effects of the orientation of the static component
As in Experiment 1, we conducted a two-way ANOVA comparing the effects of orthogonal static components and those of parallel static components. This analysis revealed a significant main effect of the orientation of the static components for latency, duration and estimated magnitude (F(1, 9) = 25.99, p < 0.01; F(1, 9) = 114.43, p < 0.01; F(1, 9) = 222.66, p < 0.01, respectively). Thus, the effect of the orientation of the static components significantly affects vection strength. There was no significant main effect of the three experimental conditions on latency, duration and estimated magnitude (F(2, 18) = 3.53, n.s.; F(2, 18) = 2.76, n.s.; F(2, 18) = 3.33, n.s., respectively). There were also no significant interactions on latency, duration and estimated magnitude (F(2, 18) = 1.90, n.s.; F(2, 18) = 2.01, n.s.; F(2, 18) = 1.32, n.s., respectively).
Comparison between Experiments 1 and 2
Experiment 1 investigated the effects of static components containing higher spatial frequencies, while Experiment 2 employed static components with lower spatial frequencies than the motion component. Here, we compare the results of the two experiments to examine the effects of spatial frequency of the static components. We conducted a three-way ANOVA (2 [orientation: orthogonal or parallel] Â 2 [spatial frequency: higher or lower than motion component] Â 3 [number of component sine waves: 1, 2 or 3]). The results showed that the main effect of spatial frequency of the static components did not reach significance for latency, duration and estimated magnitude (F(1, 9) = 1.10, n.s.; F(1, 9) = 0.41, n.s.; F(1, 9) = 1.22, n.s., respectively). On the other hand, the main effects of orientation of the static components on latency, duration and estimated magnitude were significant (F(1, 9) = 10.14, p < 0.05; F(1, 9) = 13.42, p < 0.05.; F(1, 9) = 33.33, p < 0.05, respectively). The main effect of experimental condition also reached significance for latency, duration and estimated magnitude (F(2, 18) = 14.83, p < 0.05; F(2, 18) = 15.67, p < 0.05.; F(2, 18) = 55.34, p < 0.05, respectively). Interactions between orientation and spatial frequency were significant, while the other interactions were not significant. In conclusion, there was no anisotropy in the effects of the spatial frequency of the static component (higher or lower than the motion component) in vection facilitation caused by the orthogonal static component, or in vection inhibition caused by the parallel static component. 
Limitations of the manipulation of spatial frequency
In Experiments 1 and 2, we revealed that vection facilitation caused by static orthogonal components is irrelevant to their spatial frequency composition. On the other hand, inhibition of vection by static parallel components was weakened in conditions where the static component contained multiple spatial frequencies. However, it could be argued that the ranges of the spatial frequency we tested were relatively narrow, and that, consequently, our conclusions should be restricted to the stimuli that were actually employed. To test this possibility, we performed an additional informal examination with five naïve observers, who participated in the main experiments, investigating the effects of static components with higher or lower spatial frequency compared to those employed in the main experiments. We tested spatial frequencies 1f (1.2 cycle/degree; the same as the motion component), 3f, 6f, 9f and 12f, or 1/3f, 1/6f, 1/9f and 1/12f. We found the same pattern of results as in the main experiments, such that the higher and lower harmonics did not change the strength of vection, was obtained. 12f corresponded to the spatial frequency of 3.6 cycle/degree, and 1/12f corresponded to 0.15 cycle/degree. Thus, we propose that the manipulation of spatial frequency beyond this range would also be unlikely to have any effect on vection. Furthermore, observations with motion components containing different spatial frequencies from the main experiments were also executed. Even with this manipulation, the same results were obtained again. Overall, we believe the results of the main experiments are valid regarding the effects of spatial frequency.
Experiment 3
The results of Experiments 1 and 2 revealed that the orientation of the static components critically affect vection strength. Static components parallel to motion components were found to inhibit vection, whereas static components presented orthogonally to motion components were found to facilitate vection. However, it is unclear what would happen if static components with orientations other than orthogonal or parallel to the motion component were present. We further examined the effects of orientation of the static components using stimuli where the orientation of the static component was oriented 45°oblique to the motion.
Stimuli
Three experimental conditions were tested: v1m + o1s, v1m + o1s + o3s, and v1m + o1s + o1/3s (o indicates oblique). The orientation of the static components was 45°(the diagonal gratings from top-right to bottom-left).
1f represents a spatial frequency of 1.2 cycle/degree (same as the motion component), 1/3f represents 0.4 cycle/degree, and 3f represents 3.6 cycle/degree. All static waves were in phase in these stimuli. The sum of the contrast of the static components was kept constant at 20% for all conditions. As a control stimulus, a visual stimulus containing only a moving component was also prepared, with a luminance contrast of 20%.
Subjects
Ten naïve subjects who participated in Experiments 1 and 2 participated in this experiment. Fig. 7 shows the averaged latency, duration and estimated magnitude of vection that was induced under the different conditions. The results indicated that vection strength in the three experimental conditions was weaker than in the control condition, as indicated by the longer latency, shorter duration and lower estimates of the strength of induced vection. A one-way ANOVA revealed a significant main effect of stimulus condition on the latency, duration and estimated magnitude of vection (F(3, 27) = 11.36, p < 0.01; F(3, 27) = 8.95, p < 0.01; F(3, 27) = 34.16, p < 0.01, respectively). Multiple comparisons revealed a significant difference between the experimental and control conditions (p < 0.05; Tukey's HSD test).
Results and discussion
Thus, the results of Experiment 3 revealed that presenting a static visual stimulus component oblique to the motion component inhibits vection. There was no significant difference between the spatial frequency compositions. The results of this experiment are similar to the findings under conditions with static parallel components.
General discussion
Static visual components can affect vection
We examined the effects of static components of visual stimuli on vection in a series of psychophysical experiments. These exper- iments used moving vertical sinusoidal gratings that were superimposed with various types of static visual components. Using this paradigm, we were able to assess the effects of static components on self-motion perception because the motion component was always constant.
Five major findings of the present experiments can be summarized as follows: (1) Adding static components oriented orthogonally to motion components facilitates vection; (2) Static visual components presented parallel and obliquely to motion components both inhibit vection; (3) The spatial frequency composition of the static components does not affect the vection facilitation caused by static components presented orthogonally to the motion component; (4) The inhibition of vection by static components presented parallel to motion components becomes stronger when the static component consists only of the same spatial frequency as the motion component; (5) The facilitation/inhibition of vection caused by orthogonal and parallel static components does not depend on the spatial frequency of the static component relative to that of the motion component.
Several previous studies have indicated that the addition of static stimulus components to a stimulus can either facilitate or inhibit visually induced self-motion perception (e.g. Nakamura, 2006) . These previous studies established that facilitation and inhibition are modulated by stimulus depth; i.e., a static foreground has been found to facilitate vection, whereas static backgrounds inhibit it. On the other hand, the present investigation indicates that the facilitation and inhibition of vection caused by static visual components can also be modulated by changing the orientation of the luminance gradient; orthogonal static components facilitate vection, whereas parallel static components inhibit vection.
Low-level motion processing and vection
Previous studies of visual motion perception have typically assumed that there are either two or three different stages in visual motion information processing. The first stage has been proposed by some authors to involve spatio-temporal filtering of motion stimuli (i.e. the 'motion energy' model; Adelson & Bergen, 1985; and the 'elaborated Reichardt detector' model; van Santen & Sperling, 1985) . Spatio-temporal filtering has been found to enable observers to ignore static components of visual stimuli (Lu & Sperling, 1995) . If static visual components can be neglected by spatio-temporal filtering, the output against a static sinusoid would be expected to be zero. Consequently, adding static components (i.e. static sine waves) to moving components (i.e. dynamic sine waves) does not alter the output of the spatio-temporal filtering (hereafter termed 'motion energy').
All the visual stimuli employed in the current study involved exactly the same 'strength' of motion from the viewpoint of spatio-temporal filtering. If vection was determined only by motion energy, the vection strength obtained in all experimental conditions would be identical. This was not the case in our results. The current data revealed that static components were able to modulate the strength of the vection. Thus, we conclude that vection is not determined solely by low-level motion, but is mediated by higher-level motion output.
In contrast to the present findings, several previous studies have indicated that self-motion perception is predominantly modulated by motion energy. Gurnsey, Fleet, and Potechin (1998) employed a contrast-modulated grating, which did not involve motion energy, as a vection inducer. The results revealed that these stimuli were able to induce vection, although relatively weakly. Harris and Smith (1992) also reported that a contrast-modulated grating could not induce optokinetic nystagmus (OKN). In addition, Ashida, Robin, Kaneko, Verstraten, and Ojima (1997) reported that body sway was not induced by a contrast-modulated grating. OKN, body sway and vection correlate with each other, and it should be supposed that they share common underlying neural mechanisms (e.g. Flanagan, May, & Dobie, 2002; Kuno, Kawakita, Kawakami, Miyake, & Watanabe, 1999) . These previous findings suggested that motion energy is important for vection. The discrepancies between the current findings and previous reports may be partly due to our paradigm, in which the motion energy of the stimuli was not directly manipulated, but rather static visual components were added.
The results of the current experiments revealed that the effects of additional static visual components exhibited anisotropy, according to the direction (orthogonal or parallel) relative to the motion component. The facilitation of low-level visual processing by orthogonal visual components does not provide a sufficient explanation because there is not a large difference in the numbers of vertically-tuned and horizontally-tuned orientation selective cells (Bonhoeffer & Grinvald, 1991) , and no difference in contrast sensitivity between horizontal and vertical orientations (Quinn & Lehmkuhle, 1983) . In the following discussion, we propose several candidate mechanisms, which could potentially explain the effects of the static components without depth modulation, and anisotropy in the effects of the orientation of luminance gradients of these stimuli.
6.3. Apparent depth and relative motion account Howard and Howard (1994) indicated that static objects presented in front of moving patterns can facilitate vection. They explained their data in terms of relative motion between the static foreground and the moving background. Relative motion between two visual objects is easier to detect and causes a stronger impression of motion compared with absolute motion presented alone. Thus, it is plausible that relative motion might induce stronger vection. The static component in our stimulus could be considered as separate from the motion component, constituting a static foreground and a moving background. It has been revealed that perceived stimulus depth, without actual depth, is enough to facilitate vection (e.g. Ohmi et al., 1987) .
If the visual stimulus employed in this investigation exhibited apparent stimulus depth, relative motion between the static and motion components would be the dominant factors in the facilitating effects of the static component. As mentioned earlier, however, no observers reported apparent depth separation between the static and motion components in the debriefing sessions. Moreover, the static component was found to facilitate vection only when it was presented orthogonally to the motion component. In such a condition, the static component could not have a luminance gradient along the motion direction of the moving pattern, and, thus, it could be considered that there is no relative motion involved. Therefore, apparent depth and relative motion cannot explain the facilitatory effects of orthogonal static components.
'Aperture problem' account
Another possible explanation relates to the 'aperture problem'. This problem refers to the inherent ambiguity of the direction of motion of a grating containing only a one-dimensional luminance gradient, which also applies to the motion components employed in the current experiment. It could be that presenting an additional orthogonal static component in the current study removed the ambiguity of motion direction, because the aperture problem was resolved. As a result, the ambiguity of the direction of vection would also be removed. Parallel static components, in contrast, would not resolve the aperture problem. It is plausible that motion signals without ambiguity might induce stronger vection than ambiguous signals. Thus, the aperture problem might explain the facilitating effects of the orthogonal static visual components on vection. However, this account cannot explain the inhibition of vection caused by static visual components presented parallel to the motion component, because additional parallel components cannot resolve the aperture problem.
Visible feature account
A third possible explanation relates to the number of visible features that are altered by a static component. We found that when a static orthogonal grating was added to the motion component, the moving grating was modulated in two dimensions. Thus, the number of visual features produced by contrast modulation is drastically increased. It is possible that the increased number of features is able to enhance vection. On the other hand, when the static component was parallel to the motion component, the features of the moving gratings may have become invisible due to the 'pedestal effect' (Lu & Sperling, 1995) . The envelope of such a stimulus has far fewer visual features relative to moving gratings presented alone. Thus the strength of vection would be decreased with the decreased number of the features. In additional observations. we multiplied the contrast of the parallel static component (1f) between one to seven times, relative to the contrast of the moving 1f. If the contrast was more than three times larger, we found that vection completely disappeared. This may explain why static components parallel to the motion components inhibited self-motion perception. The results of Experiments 1 and 2 indicated that vection inhibition by parallel static components was strongest under conditions where the static component consisted of the same spatial frequency as the motion component (the v1f + v1f condition). The pedestal effect would be strongest in the condition where the moving and the static components share the same spatial frequency with the highest pedestal 1f contrast. The pedestal 1f contrast would become weaker in conditions where the static component contained a spatial frequency that differs from that of the motion component. Vection inhibition would become weaker with decreased pedestal 1f contrast in the latter case. The results of Experiments 1 and 2 were consistent with this notion. Thus, we can assume that vection is likely to be facilitated by visual stimuli that enhance inputs, but inhibited by visual stimuli that suppress inputs to feature-tracking mechanisms, which can be considered as higher stages in perceptual processing for visual motion.
At present time, the visible feature account seems to be the most promising candidate. If an increase in the number of visual features is critical for facilitating vection, conditions where the static component is composed of multiple sine waves with different spatial frequencies or had a higher spatial frequency would be expected facilitate vection, compared with conditions where static components consisted of single sine waves with a lower spatial frequency. This is because a greater number of visual features would be present in the former conditions relative to the latter. The results of our experiments clearly discount this possibility; the vection facilitation caused by the orthogonal static components was unrelated to the spatial frequency composition of the stimuli. Perhaps the existence of two-dimensionally defined feature points per se, regardless of their number, is critical to the facilitative effect. Future experiments in which the numbers of the feature points are directly manipulated should be conducted to address this issue.
OKN inhibition account
Another possible explanation is that in conditions involving a parallel static component, the eye movements (i.e. OKN) could be also decreased. There is evidence that the strength of OKN is correlated to the strength of vection (e.g. Flanagan et al., 2002; Seno & Sato, 2009 ). Thus, vection could be also inhibited. The experimental examination of OKN in different pedestal conditions would be a valuable research project for the future.
Perceived rigidity account
This final explanation relates to the perceived rigidity of the visual stimulus. Nakamura (2010) recently reported that the perceived rigidity of the inducer and the strength of vection are highly correlated. Visual patterns perceived as more rigid can induce stronger vection. Vection reflects a natural relationship between self-motion and retinal image motion of the external scene. In situations of natural self-motion in the real word, the external scene is not able to move non-rigidly on the observer's retina. Thus, it sounds plausible that perceived rigidity might play a role in perceiving self-motion.
In the current experiments, the parallel and oblique static components would decrease the rigidity of the stimulus, because the envelope of the motion component would change across time. Lu and Sperling (1995) reported that non-rigid motion is likely to be perceived when parallel static visual components are presented. On the other hand, the orthogonal static component would function as a facilitator for rigidity perception, resolving the aperture problem, as described above. Thus, the parallel static component inhibits vection with decreased rigidity, whereas the orthogonal static component facilitates it with increased perceptual rigidity of the visual inducer.
We conducted additional observations to test this possibility. Five naïve subjects who had not participated in the main experiments were asked to estimate the perceived rigidity of each stimulus employed in the study. Participants responded with a magnitude estimation protocol for the stimuli that were used in Experiments 1-3 (rating stimuli from 0 [not at all rigid], to 100 [very rigid]). Participants observed the stimuli for 60 s each. The results of this informal observation indicated that the addition of the orthogonal components increased, and the addition of the oblique and the parallel components decreased the perceived rigidity of the visual motion. The perceived rigidity is qualitatively consistent with the strength of vection. Moreover, we sought to analyze the effects of the oblique components with orientations other than 45°in an additional informal observation. When the angle between the static and the motion components was less than 80°, we found that vection was inhibited. Vection facilitation was thus only observed in conditions where the static and the motion components were close to orthogonal. The critical angles are roughly correspondent between the facilitation/inhibition of vection and the rigid/ non-rigid perception of the inducer (approximately 10°from the right angle). These results clearly implicate the perceived rigidity of the visual pattern in, at least partially, generating the effects of the static components.
Perceived rigidity may thus explain why vection facilitation caused by the orthogonal static component is irrelevant to its spatial frequency composition. Higher harmonics would not be expected to increase the perceived rigidity of the stimulus, which may have already been saturated in the v1m + h1s condition. Thus the addition of further harmonics did not alter the strength of vection.
Conclusion
The present investigation revealed that the addition of static visual components without depth modulation can affect observers' self-motion perception. We found that presenting a static component orthogonal to a motion component significantly facilitated self-motion perception, while presenting static components parallel to motion components significantly inhibited vection. We propose that the mechanisms underlying these effects may be related to the subjective perception of motion, the number of visual features present in the visual stimulus, and the perceived rigidity of the visual stimulus.
